
LLNL-JRNL-455016

Processing of spectrally-resolved x-ray
images of ICF implosion cores recorded
with MMI instruments

T. Nagayama, R. C. Mancini, R. Florido, R. Tommasini,
J. Koch, J. A. Delettez, P. Regan, V. Smalyuk

September 14, 2010

Journal of Applied Physics



Disclaimer 
 

This document was prepared as an account of work sponsored by an agency of the United States 
government. Neither the United States government nor Lawrence Livermore National Security, LLC, 
nor any of their employees makes any warranty, expressed or implied, or assumes any legal liability or 
responsibility for the accuracy, completeness, or usefulness of any information, apparatus, product, or 
process disclosed, or represents that its use would not infringe privately owned rights. Reference herein 
to any specific commercial product, process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States government or Lawrence Livermore National Security, LLC. The views and opinions of 
authors expressed herein do not necessarily state or reflect those of the United States government or 
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product 
endorsement purposes. 
 



Processing of spectrally-resolved x-ray images of ICF implosion cores
recorded with MMI instruments

T. Nagayama,1 R. C. Mancini,1 R. Florido,1 R. Tommasini,2 J. A. Koch,2 J. A. Delettrez,3 S. P. Regan,3 and V.
A. Smalyuk3
1)University of Nevada, Reno, NV
2)Lawrence Livermore National Laboratory, Livermore, CA
3)Laboratory for Laser Energetics, University of Rocester, NY

(Dated: 30 August 2010)

We discuss the processing of data recorded with a Direct-Drive Multi-Monochromatic x-ray Imager (DDMMI).
The DDMMI consists of a pinhole array, multi-layer Bragg mirror, and an X-ray framing camera with mi-
crochannel plates, and records hundreds of gated spectrally resolved images of ICF implosion cores. In
particular, a new method to determine centers of all the object images, the reconstruction narrow-band ob-
ject (implosion core) images and a scheme to remove an artifact on the reconstructed images, two methods
to determine the object shape based on three reconstructed broad-band object images recorded along three-
quasi orthogonal lines of sight, and the source of artifacts on extracted space-integrated spectrum and their
removal.

I. INTRODUCTION

Inertial confinement fusion (ICF) is a technique to
achieve high gain energy production by compressing fuel-
filled spherical capsules taking advantage of the capsule
ablation driven directly or indirectly by laser beams1–4.
To maximize the energy gain, several schemes are un-
der research such as low-adiabat implosion, fast ignition,
and shock ignition, each of which relies on different spa-
tial structure of temperature and density achieved in-
side the core at the collapse of the implosion3–5. Ideally,
the implosion requires a spherically symmetric compres-
sion, which is hard to achieve due to laser non-uniformity,
laser power imbalance, and surface roughness amplified
by various hydrodynamic instabilities. To study the sym-
metry and spatial structure of the compressed core, var-
ious imaging instruments have been developed includ-
ing the Gated Monochromatic X-ray Imager (GMXI)6,7,
monochromatic x-ray imaging with bent crystals8,9, and
Multi-Monochromatic x-ray Imager (MMI) applied to
indirect-drive10–12 as well as direct-drive13 laser-driven
implosions. Quasi-monochromatic images (or narrow-
band images) can show the core images of specific line
transitions of source plasma elements, which have poten-
tial to unveil the spatial structure of temperature and
density in the implosion core.

Multi-Monochromatic x-ray Imagers (MMI) record a
large number of time-gated, spectrally-resolved images,
each of which is characteristic of a slightly different pho-
ton energy range. One advantage of the MMI instrument
over other monochromatic imagers is that one can extract
different types of data such as broad-band/narrow-band
images and space-integrated spectrum by postprocessing
the raw MMI data. Thus, a good postprocessing method
is crucial to maximize the value of the MMI raw data.

The first data processing method was developed by
L. Welser et al .10 It handles each core sub-image indi-
vidually and reconstructs narrow-band core images by
averaging several core sub-images aligned by their cen-

ters. There are several limitations in this first method.
First, the alignment of selected core sub-images is diffi-
cult due to the center determination based on individual
sub-images. Second, the reconstructed image has slightly
different narrow-band range across the image. Third, the
minimum photon energy range required for the image re-
construction is quite broad, since at least one full core
sub-image has to be empoyed. These points were im-
proved by Izumi et al12. They used fast Fourier trans-
formation (FFT) to analyze and find the centers of all
the core sub-images simultaneously, which improved the
alignment of the sub-images and allowed reconstruction
of the images efficiently within narrower-band width.

This paper discusses the further advancements in the
data processing protocol. First, we discuss a new method
to simultaneously extract all the centers of the implo-
sion core images. This method does not use a Fourier
transform, and is fast and accurate. Based on the cen-
ters as reference points, one can reconstruct broadband
and/or narrow-band images using the method published
by Izumi et al12. We discuss a minor problem with this
method and its correction based on an intensity-weighted
reconstruction. Then, we discuss two applications of the
extracted broadband images. One is the determination of
the shape and size of the implosion core. Another is the
creation of the MMI mask image of the implosion core
and its application to improve the quality of the space-
integrated spectrum. In section II, we briefly describe
the experimental setup. In section III, we discuss the
new center determination algorithm and its validity. In
section IV, we review the image reconstruction algorithm
and discuss the intensity weighted reconstruction option
to fix an artifact produced by the instrument. In section
V, we discuss two techniques to estimate the size and
shape of the implosion core using the MMI data simul-
taneously recorded along three, quasi-orthogonal lines of
sight. In section VI, we discuss how to use the broad-
band image to improve the space-integrated spectrum.
Finally, section VII summarizes the improvements and
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discusses the significance of the new findings.

II. EXPERIMENTS AND RAW MMI DATA

Direct-drive Inertial Confinement Fusion (ICF) ex-
periments were performed at OMEGA laser facility in
the Laboratory for Laser Energetics (LLE) at Univer-
sity of Rochester, New York. The 60 OMEGA laser
beams (total energy of 30kJ) were pointed at the sur-
face of the target to ablate the spherical plastic shell
(Rinit = 400µm;∆Rinit = 27µm; with a thin Ti layer)
filled with 20 atm of deuterium and 0.072 atm of argon.
The tracer amount of Ar, which is added for diagnostic
purposes, is highly ionized during the implosion, and its
x-rays emissions were recorded by three identical Direct-
Drive Multi-Monochromatic x-ray Imagers (DDMMI)
fielded along three quasi-orthogonal lines of sight. Each
MMI consists of a pinhole array, multi-layered Bragg
mirror, and X-Ray Framing Camera (XRFC) with mi-
crochannel plates (MCP)10–12. The pinhole array has
about a thousand pinholes of 10 µm diameter each drilled
on tantalum substrate in a periodic hexagonal pattern,
which, in turn, create an array of implosion core im-
ages. The Bragg mirror consists of 300 bi-layers (15
angstrom each) of boron carbide and tungsten, reflects
the collection of core images, and creates spectral resolu-
tion (E/!E ∼ 150) along the axis parallel to the plane of
incidence. A gated x-ray framing camera (XRFC) with
microchannel plates (MCP) records the collection of the
core images onto a film. The three MMIs recorded col-
lections of time gated, spectrally resolved implosion core
images from three quasi-orthogonal lines of sight simulta-
neously using the available diagnostic ports called TIM3,
TIM4, and TIM5 (see sectionV).

Figure 1 (a) shows the raw data of OMEGA shot
49956, a digitized film, recorded along TIM4. The raw
DDMMI data consist of four frames, each of which was
recorded at different times in the experiment. The top
frame, frame 1, is the earliest in time, and the bottom
frame, frame 4, is the latest. We observe that, as time
goes by, intensity becomes stronger, and also the size of
the imploded core gets smaller. The voltage pulse sweeps
across the film from left to right at a speed of 155 µm/ps,
thus, by taking into account the pixel size on the film,
the time difference between the left most pixel column
and the right most pixel column is about 100 ps and
seperation between characteristic lines are smaller (e.g.
∆t ∼ 10ps between argon Heβ and Lyβ). The time sep-
aration between adjacent frames is about 100 ps. The
photon energy axis lies horizontally from left to right,
and one can observe argon Lyα (1s 2S − 2p 2P ), Heβ
(1s2 1S − 1s3p 1P ), and Lyβ (1s 1S − 3p 1P ) emission
line images on the lower energy half of the film, and ti-
tanium absorption line images around the center of the
higher energy half of the film.

Figure 1 (b) shows the third frame of figure 1 (a) (TIM4
Frame3) before any preprocessing. The first preprocess-

FIG. 1. a) Raw data recorded from TIM4, b) frame 3 cropped
from a), c) TIM4 frame 3 after wedge correction and median
filtering, d) TIM4 frame 3 after intensity correction

ing to be applied is the wedge correction, which is the
conversion of film density to intensity using film cali-
bration. Figure 1 (c) shows the data after the wedge
corrections. The next preprocessing is photon-energy-
dependent intensity corrections associated with beryl-
lium filter transmission, reflectivity of the multi-layered
Bragg mirror, and spectral response of the microchannel
plate (MCP)14. Figure 1 (d) shows the data after the in-
tensity corrections. Once the wedge calibration and pho-
ton energy dependent corrections are applied, the centers
of all the images can be determined.

III. CENTER DETERMINATION

In order to obtain broad- and narrow-band images
from the spectrally-resolved image data, several images
have to be combined. This requires to use a reference
point for each image, which here we take as the center of
the image.
First postprocessing packages were developed by

Welser et al10. This method determined the centers based
on the contour lines of each individual core sub-images
by assuming that periphery contour lines are dominated
by continuum contributions and thus less affected by
line emissions. However, it is difficult to achieve accu-
rate alignments between different core images since the
centers are determined based on the individual contour
lines and also the continuum level is not flat over these
photon energy ranges15,16. Thus, even if the contour
lines are unperturbed by the argon line emissions, they
could be skewed by the continuum spectrum, which could
lead to misalignment of the sub-images. Alternatively,
Izumi et al introduced another algorithm to determine
all the centers by fitting the Fourier transformed pat-
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tern of the parametrized two-dimensional wave pattern
to those of MMI data assuming that all pinholes and the
resultant images are aligned in a periodical-parallel pat-
tern as designed12. This algorithm finds the centers of all
the core images simultaneously, and thus improved the
alignments between different line images. However, the
MMI presented here is coupled with microchannel plates
(MCP) instead of charge injection device (CID), and the
data size is much larger, which requires too much time to
apply Fast-Fourier Transform (FFT) to the whole range
of the data. To carry out a fast and accurate center de-
termination algorithm was required.

The new algorithm is motivated by Izumi’s method,
but does not use the Fourier transformation, thus faster
but very accurate for large datasets. To develop this new
center determination algorithm, we paid closer attention
to the pattern of the dark regions instead of the pattern of
the core sub-images. Since the dark regions come purely
from pinhole array aperture and the location of the ob-
ject, they are independent of object shape or spectral
information. This new algorithm simultaneously deter-
mines all the centers by finding a parallel-line grid, which
falls into the dark pattern in between the object images.

First, three adjacent sub-images, which are not in the
same straight line, are selected, and their centers are
respectively approximated based on intensity-weighted
averages (Figure 2). These centers #r0right(x

0
right, y

0
right),

#r0center(x
0
center, y

0
center), and #r0left(x

0
left, y

0
left) are the initial

estimate of the parameters to define all the centers. The
parallel line grid that avoids all the centers is constructed
based on the origin, #O, and two basis vectors of the grid
- namely, û and v̂, which are defined as follows.

#O = #rcenter +
û+ v̂

2
(1)

where û = #rleft − #rcenter and v̂ = #rright − #rcenter. Based
on the origin and the two basis, parallel lines are itera-
tively constructed starting from the origin, and at the
end, a parallel line grid is created as shown in figure
2. However, as one can observe in figure 2 (a), these
initially estimated grid lines go over some of the core
sub-images located far from the origin #O, since the pa-
rameters, #r0right, #r

0
center, #r

0
left are not optimized yet. Since

the core images correspond to higher intensities on the
data, the average intensity along this unoptimized par-
allel line grid is larger than that of the optimized one.
Thus, Powell’s method17 is employed to find the opti-
mized parameters #roptright, #r

opt
center, and #roptleft that minimize

the average intensity along the resultant parallel grid.
After this optimization, the resultant parallel lines fall in
between all the core sub-images perfectly, and the center
of each diamond box is the center of each core image as
in figure 3 (b).

To check the reliability of this technique, we repeated
this center determination technique many times, start-
ing each time from different three core sub-images. Al-
though different reference points, #O, were selected, the

FIG. 2. Three core images are selected, which are adjacent
to each other but not on the same line. Then, based on their
intensity-weighted-averaged centers, (xC , yC), (xL, yL), and
(xR, yR), determine initial estimate of the origin and two basis
of the parallel line grids.

FIG. 3. a) Parallel line grid with the initial basis vectors of
the grid. The grid does not avoid all the images. b) Parallel
line grid after the optimization of the basis vectors, which
avoid all the images perfectly. The center of each diamond
box is the center of each image

accuracy of the method can be studied from the un-
certainty of the two basis vectors. The mean values
and the uncertainties of the two basis vectors are û =
(du, θu) = (49.09±0.11 pixels, 141.55±0.05 degrees) and
v̂ = (dv, θv) = (49.16± 0.08 pixels, 21.24± 0.10 degrees),
which confirm the reliability of the method. Then, the
possible misalignment between the two core images lo-
cated furthest to each other is about 1.5 pixels in dis-
tance, which corresponds to 3.5µm in the object space
and much less than the spatial resolution of the instru-
ment (∼ 10µm). Good alignment of the images is es-
sential to extract narrow-band or broad-band images, to
estimate the shape and size of the implosion core, and to
extract space-integrated or space-resolved spectra.

IV. INTENSITY WEIGHTED IMAGE
RECONSTRUCTION

Once all the centers are determined, one can recon-
struct narrow-band or broadband images based on the
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FIG. 4. Lyβ image using intensity weighted reconstruction
based on data shown in figure 1-(d) a) 1 pixel column (E =
3935 ∼ 3937 eV; "E ∼ 2 eV), b) 3 pixel columns (E =
3937 ∼ 3943 eV; "E ∼ 6 eV), c) 11 pixel columns (E =
3925 ∼ 3950 eV; "E ∼ 25 eV), and d) 29 pixel columns
(E = 3899 ∼ 3967 eV; "E ∼ 68 eV)

method published by N. Izumi et al12. Reconstruction is
based on the following equation:

i(x′, y′) =

∑Ns(x
′,y′)−1

j=0 h(x′ + xj , y′ + yj)

Ns(x′, y′)
(2)

where the two-dimensional arrays i and h are the recon-
structed and the raw images, and (xj , yj) is the center
position of the jth sub-image, and Ns(x′, y′) is the num-
ber of pixels contributed from the raw image h. Figure 4
(a), (b), (c), and (d) show reconstructed Lyβ image from
1 pixel column of s49956 TIM4 Frame3 (E = 3935 ∼ 3937
eV; !E ∼ 2 eV), 3 pixel columns (E = 3937 ∼ 3943 eV;
!E ∼ 6 eV), 11 pixel columns (E = 3925 ∼ 3950 eV;
!E ∼ 25 eV), and 29 pixel columns (E = 3899 ∼ 3967
eV; !E ∼ 68 eV). Figure 4 (c) shows that it fills the im-
age plane within spectral resolution (∆E ∼ 26 eV where
E ∼ 3935 eV), and figure 4 (d) shows the reconstructed
Lyβ image over its line width (∼ 68 eV).

One artifact of this method on our data is some vertical
structures on the reconstructed images, which are already
removed from figure 4. The reason is that, as shown in
figure 4 (a), one pixel column does not reconstruct the
whole image, and more than 10 pixel columns (!E ∼ 25
eV) are required to fill the image plane. Then, as one fills
the image plane by adding more pixel columns, the over-
all intensities get lower compared to the central pixel col-
umn. After the image reconstruction, this vertical spatial
structure often survives as an artifact as in figure 4 (a).
This artifact can be considered as a minor problem since
the spatial resolution of the instrument (!x ∼ 10µm) is
much larger than the pixel size interpreted in the object
space (1 pixel ∼ 2.33µm in the object space). Thus the
simple solution to this is to rebin pixels in the raw data
(e.g. rebin every 5x5 pixels to represent a new pixel)
to the spatial resolution before reconstructing the image.
This treatment might help to make this vertical structure
invisible, but could end up in abandoning the accuracy
of the new center determination.

This artifact can be better avoided by separating the
spectral contents from the spatial contents before recon-
structing the image. This reconstruction method requires
pieces of spatial information from different spectral re-

gion within narrow-band range. And, the intensity val-
ues depend not only on spatial region but also on pho-
ton energy. Thus, this vertical structure is created by
the fact that the overall intensity drops significantly be-
fore filling up the whole image plane. However, based
on our theoretical analysis, we know that the relative
spatial structure is rather insensitive to photon energy
within its line profile, even though the overall intensity
level itself changes significantly. Therefore, by scaling
spatial structure properly before reconstructing image,
we can avoid this minor artifact. The spectral content
can be removed by dividing each pixel value with the
corresponding space-integrated intensity:

h′(x, y) = h(x, y)/spec(x) (3)

where the two-dimensional array h(x, y) and h′(x, y) rep-
resent the MMI data with and without spectral content,
and spec(x) is the space-integrated spectrum extracted
in section VI. Then, h′(x, y), instead of h(x, y), is used
in equation (2) to reconstruct the intensity weighted im-
age. Then, the reconstructed image is scaled back so
that the final image has the same intensity levels as the
image reconstructed with the original technique and also
that the reconstructed images from different lines have
the appropriate intensity ratios. This rescaling is done
as follows:

i′(x, y) = i(x, y)×
∑xmax

i=xmin
spec(x)

xmax − xmin + 1
(4)

where the two-dimensional array i(x, y) and i′(x, y) rep-
resent before and after the final scaling, xmin and xmax

represent the narrow-band range for the image recon-
struction in pixel number. Figure 5 (b) shows the image
using this intensity weighted reconstruction in the same
color coding as figure 5 (a). The vertical structure is
removed as expected but shows the same intensity levels.

FIG. 5. a) Image without scaling, b) image with intensity
weighted reconstruction

V. CORE SHAPE DETERMINATION

The shape and size of the implosion core can be esti-
mated by using three broad-band images recorded along
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different lines of sight. Our data were recorded along
three quasi-orthogonal lines of sight. Thus, for the rest
of the discussion, it is assumed that the number of lines
of sight is three, but the idea is general and the same
technique can be applied to data recorded along more
than three lines of sight. First, the time correlation of
the data recorded along different lines of sight has to
be done to find out which frame one line of sight corre-
sponds to which frame of another. This is accomplished
by correlating time histories of characteristic emission
lines (e.g. argon Heβ and Lyβ) of 4 frames with time
history of those lines extracted from time-resolved, space-
integrated argon emission spectrum of the same experi-
ment recorded by an x-ray streak camera13. Via the com-
parison of the these time histories of MMI data with those
of x-ray streak camera, one can identify which frame of
one line of sight has similar timing to which frame of
another. And, we concluded that, for s49956, Frame 3
of TIM3, TIM4, and TIM5 have similar timings among
themselves. In this section, we discuss two different ways
to determine the size and shape of the implosion core for
s49956 Frame3 by utilizing the reconstructed broadband
images for all the lines of sight simultaneously.

Before looking into each method, basic linear trans-
formation to go back and forth between the global coor-
dinate defined in the chamber and line-of-sight specific
local coordinate, denoted by T, is summarized here. The
following TIM specific linear transformation matrix takes
into account the location of the line of sight and orien-
tation of the experimental images, and allows to go back
and forth between the global and the local coordinates.




xT

yT
zT



 = RT




x
y
z



 (5)

RT = Rz(αT − βT )Ry(−θT )Rz(−φT ) (6)

where Ry, and Rz respectively define rotations about y
and z axis counterclockwise as:

Ry(γ) =




cosγ 0 sinγ
0 1 0

−sinγ 0 cosγ



 (7)

Rz(γ) =




cosγ −sinγ 0
sinγ cosγ 0
0 0 1



 (8)

where RT is the total rotation matrix for the line of sight,
T , which is defined by angle θT and φT in the spherical
coordinate defined in OMEGA chamber. The rotation
matrix, Ry(−θT )Rz(−φT ), rotates the whole system so
that the line of sight, T , is aligned along the positive z
axis. The final rotation matrix, Rz(αT − βT ), corrects
the orientation of the rotated system so that a projec-
tion of a reference vector appears at proper angle on the
image plane. For example, in our case, by taking into

FIG. 6. (a) x-y-z coordinate defined in OMEGA target cham-
ber and a line of sight defined by (θT ,φT ), (b) after rotating
−φT about z-axis, (c) after rotating −θT about y axis, (d) this
illustrates where the reference vector is seen on x”-y” plane
and where it is supposed to be seen on the recorded image,
(e) after the final rotation to make the reference vector apear
in the right orientation with Rz(αT − βT )

account the instrumental effects, the projection of z-axis
defined in the chamber would appear at 180◦ counter-
clockwise from right of the image on the processed im-
age plane, but it happens to appear at 180◦ just after
the rotation Ry(−θT )Rz(−φT ). Thus, in our case, the
third rotation matrix becomes the identity matrix as in
Rz(αT − βT ) = Rz(π − π) = I3. Anyway, our software
package is ready to correct the orientation using the third
rotation matrix. After applying the total rotation ma-
trix, RT , to the whole system, the line of sight, T , is
aligned along positive z-axis, and by looking down along
this axis towards the origin, one supposed to see the im-
plosion core in exactly the same shape and orientation as
the extracted broadband image of this line of sight.

A. Intersection of boundary projections

The first method is based on the intersection of the
projections of the core boundary images. First, for each
line of sight, the boundary of the implosion core can be
extracted by taking the contour line of the broad-band
image of the line of sight. The upper bound volume,
size and shape, of the implosion core can be estimated
by projecting those boundary images back in space along
each lines of sight and truncating an upper bound sphere
of the core by the intersection of those projections.
First, based on the maximum radius of the three

boundary images, an upper bound sphere is defined in
x-y-z coordinates in the chamber. Then, one can reflect
one boundary image on the volume by rotating the core
volume with the appropriate rotation matrix, projecting
the boundary image along this local x-axis, truncating
the volume by this projection, and undo the rotation.
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By repeating this procedure for each line of sight, the
shape and the size of the implosion core can be better
estimated. This volume is still an upper bound of the
actual implosion core since not all shape details can be
seen by the three lines of sight and some portion of the
volume are still truncated only by the upper bound ra-
dius. Thus, more lines of sight can further improve the
volume under the assumption that the implosion core is
a convex object. Based on this volume and the mass con-
servation, one can estimate the lower-bound of the space-
averaged electron density of the core. We computed one
for OMEGA shot49956 frame3 and frame4, the volumes
were 4.5× 10−7cc and 2.3× 10−7cc respectively. Based
on the initial conditions of gas, the total number of deu-
terium nuclei is 2.7× 1017, which yields the lower bound
of the ion density of 6.0× 1023particles/cm3 (ρ ≈ 2g/cc)
and 1.2× 1024particles/cm3 (ρ ≈ 4g/cc). They are lower
bounds since the estimated volume is an upper bound.

B. Search and reconstruction based on broadband
emissivity

The second method is the one published by Chen et
al18,19. This technique finds three-dimensional “broad-
band emissivity” distribution defined in the cubic grid,
which is defined as a linear combination of many 3D
Gaussian distributions as follows:

ε(x, y, z) =
∑

i

Aiexp

(
− (x− xi)2 + (y − yi)2 + (z − zi)2

σ2
i

)

(9)
where x, y, and z are the coordinate defined in the cham-
ber, Ai and σi are free parameters to be determined
for the Gaussian centered at (xi, yi, zi). In this algo-
rithm, the the emissivity volume is assumed to be op-
tically thin, and the relationship between experimental
broadband images and the emissivity distribution can be
described described by the following expression:

PT (yT , zT ) =

∫ front

rear
ε(x, y, z)dxT (10)

where xT , yT , and zT are the coordinates defined in the
each image plane, PT (yT , zT ) is the projection of the
emissivity volume ε(x, y, z) along xT of the line of sight
T , which is equivalent to the formal integration of the
radiation transport equation in the optically thin case.
This assumption is appropriate since our broadband im-
ages are defined over argon Heβ, Heγ, and Lyβ, and
they are known as optically thin lines20,21.
The goal of this method is to find the right param-

eters Ai and σi for the 3-D emissivity distributions,
which can reproduce the experimental broad-band im-
ages recorded along TIM3, TIM4, and TIM5 when the
radiation transport equation (10) is integrated. For this
problem, we used the search and reconstruction method

FIG. 7. volume determination due to a) intersection of bound-
ary projections and b) search and reconstruction of “emissiv-
ity” volume. They shows agreements in the basic shape and
size of the implosion core. Even though b) shows more struc-
tural details, it requires some knowledge of λ value and the
assumption of optically-thin-emissivity volume.

using the Pareto genetic algorithm (PGA) followed by
the Levenberg-Marquardt (LM) minimization method to
refine the parameters22. The PGA is the multi-objective
genetic algorithm, and the objectives are fits on each pro-
jection and the Laplacian physical constraint defined in
the paper18,19. This Laplacian constraint is introduced
to reduce the degenerate solutions to the unique solution
by eliminating unphysical solutions with the assumption
that the emissivity distribution is nice and smooth. The
LM method is a single-objective algorithm, thus all the
objectives defined in the PGA have to be redefined into
one objective as defined in19. The new objective to be
minimized is:

E !A,!σ =
∑

T

∥∥∥PT
exp − PT

!A,!σ

∥∥∥
2
+ λ

∥∥∥L
(
ε !A,!σ

)∥∥∥
2

(11)

where the first summation term is the contribution from
the fits, the second term is the Laplacian constraint, and
λ is some constant used to scale the Laplacian constraint
into the same scaling as the first summation term so that
the parameter search is not biased in either term.
This is the first application of this method to the MMI

data recorded along three quasi-orthogonal lines of sight.
And, the results shows basic agreements in the shape and
size of the implosion core found in section VA.

VI. CORRECTION TO SPACE-INTEGRATED SPECTRA

From the MMI data, one can extract not only images,
but also two different kinds of spectra: space-integrated
spectrum and a set of space-resolved spectra. Basically,
the space-integrated spectrum can be computed by sum-
ming up intensities vertically (perpendicular to the spec-
tral dispersion axis) across the MMI data. Figure 8 (a)
shows the raw MMI data, and (b) the space-integrated
spectrum by simply summing up all the intensities. Each
vertical sum represents a space-integrated intensity of the
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corresponding photon energy on the spectral axis. How-
ever, this spectrum shows many artificial oscillations in
the spectrum especially in the high-energy side, which
continuum should be smooth. In this section, we intro-
duce a correction technique to this artificial oscillations.
Figure 8(c) shows the spectrum after the correction.

There are two major artifacts in the oscillations shown
in the MMI space-integrated spectrum. One artifact
is that the number of pixels contributing to the space-
integrated spectrum is not constant but changes peri-
odically with respect to x-axis (pixel or photon energy).
Figure 9(a) shows the mask image of the MMI data where
each circle represents the location and shape of the im-
plosion core images. This mask is created by defining
the core boundary image based on the contour of the
core broadband image and locating it at every center of
the MMI data. Pixel values of this data (figure 9 (a))
are set to 1 if they are inside the core boundariesand and
set to 0 otherwise. The spectrum of this mask repre-
sents the spectrum of the number of pixels contributing
to the space-integrated spectrum as a function of hor-
izontal pixel number, and implies that the MMI space-
integrated spectrum oscillates due to the difference in the
number of contributing pixels. Another artifact is the
bias in the spatial region representing space-integrated
intensity. When the number of contributing pixels is
small, those contributions tend to come from the periph-
ery of the implosion core, which usually have lower values
as inferred by the lines on figure 9(a). To extract the os-
cillation spectrum taking into account both factors, we
can replace each boundary image in figure 9 (a) with the
broad-band image as in figure 9(b). The resulting spec-
trum shows the oscillation taking into account both the
difference in the number of contributing pixels and the
bias in the spatial sampling points. By dividing the raw
spectrum (figure 8 (b)) by this oscillating spectrum, one
can remove the oscillation from the spectrum (figure 8
(c)).

VII. CONCLUSIONS

Direct-Drive Multi-Monochromatic x-ray Imager
(DDMMI) recorded over hundreds of spectrally resolved
x-ray images of a direct-drive inertial confinement fusion
implosion cores. DDMMI data are rich in information
and have resolution in spectrum, space, and time. To
understand these data properly, using a good processing
method is critical10,12, and this article summarized all
the further advances in the processing techniques.
First, all the centers of the implosion core images are

simultaneously found by a fitting parallel line grid to the
low intensity region in between the object images on the
DDMMI data. This new center determination technique
is very accurate and much faster for larger data sets than
the technique introduced by Izumi et al12. Often vertical
structure could be observed on the reconstructed images
as artifacts, and this can be avoided with the intensity

FIG. 8. (a) MMI data after photon-energy-dependent inten-
sity correction, (b) spectrum by vertically summing up the
intensities across (a). One can observe the artificial oscilla-
tions. (c) spectrum with the artifacts removed

weighted image reconstruction, which takes into account
overall intensity changes as one fills the image plane. We
also discussed how to determine the shape and size of the
objects based on two different algorithms using broad-
band images recorded along three-quasi orthogonal lines
of sight. One is based on the intersection of three bound-
ary image projections, and the other one is based on the
reconstruction of optically thin emissivity volume using
search and reconstruction method. And, both methods
showed similar results. We also identified sources of ar-
tifacts in space-resolved spectrum, and how to remove
them to improve the quality of the spectrum.

By interpreting the data properly, the DDMMI data
have a potential to unveil various different nature of the
experiment such as how the object shape changes, how
much overall temperature and density changes based on
space-integrated spectrum20,21,23, and how the electron
temperature distribution is like based on several narow-
band images and space-integrated spectrum13.
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FIG. 9. (a) Artifact due to the difference in the number of
pixels contributing to the space-integrated spectrum, (b) ar-
tifacts due to (a) and the bias in the spatial sampling points
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